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APPLICATIONS OF [XFRARED LASER SPECTROSCOPY
W USER CHE141STRY A*D IASER DEVELOPMENT

Robin S. !4cDowe11

!’ni~=rrsltv of CallEornla, I.os Alamos )larional Lnhoriitorv.
:.US A!.~mos, sew ?@xtco 8:s45. K..<.A.

.-\tlSTRACT

The lmplct on infrared molecular spectroscopy of hil;h rt~sol:l:i,)ll
runable laser sources and L~ser-controlled Fourier- cransforrn .+:wrt rom-
eters is discussed, with special reference to rovibrarionnl $pocf r,l 01

spherical-rop molecules such as CH6, 0s04, SiFh, SF,, mid [“l;,,. “:IIL’

role of tunabl~ laser spectroscopy in analvzlng the C“F4 lilser, ruslil:.
ing in the precise prediction of lasing frequencies Iwtwupn n\I”J JIId
F155 cm ‘, is described. Studien of overtone and comblnarion l~illds (}I

SF5 enable the vibrational anharmonicity CO be determined, rv~tlrln~;

iu J more datail~d description of the pump transitions involvA III
l,iser photochemistry, and of higher vibrational leveLs and piirhu:lvs 10
~~xcitatlon and dissoclac~on. This permits more accurate r;ilc(ll;lriomi
of vibrational state dansltias for spherlc~l-top rnoleculos. Implll.,i-
~loms for the photochemistry of species such us SLFh, SFH, [’F,,, ,Illd
Si(tX))6 are Jiscussed,

1. I~iTRO!XJCTION

During the lime quarter rrnturv the development OF I.lsl’rx 11.1+

11.Id .I :;ront lmpnct on the field ot moleculdlr sprcrroscopv. !;1101”[ I ‘:

.ll”frr [he lnv~nc ion ot’ laaers in 1!160, rlwse lnta’nse. Inclrlcl{.lll.(llntllit’
ll~;htsm.irce~ were iipplied to Rmmm .fperrrn~ropy. (hlmln’rsomv I’i}l”l)rll,l
:nurrurv .Ircs wera quickly rrplaccd by lasar~, ilnd [hr 1 [11111 illl(h’r”wi’rll

.I ri’rlilisyui~~e thaz continues today.

1.1,,, I,ip,J, ,,,,,,r.p,~ ,1,.,lt;i[v .Ivii ],11111, II IIIE !.l,il-!”’i ll.lii .ll”~ll ll’’.i)l’l

I llllll,:f~ll fllr tlrlll III lillfltl)~.llc~lnl+rl”v, ,1!; llllc~rl!ilm “!llllll”~’.~ 11.1’.’1’ 1“’”11

!l .,,.,1 1,1 Illllql ,;IM!I’11 1,’ Irrtlll’t’1 11.11” I I ,111%1f 11111% 1111 III lli~:lll’; II YI. I’ 1,11

., ‘ ,11 II%. ,Irlcl 1111 I 1} lll.irilll’l.lf 11111. ~111,; 11,111 ~I,iI.V~II IMIU I. IY.111 I il”.1111 II pII



1. . llIi:l{-RESOLtiTIWNINFRARED TEWN[QUES

[’nttl ahouc a generation ago, all infrared ~pert rosropv wiIs r.lr -
rird mut with dispersive spectrometers chat used prisms or dlf I r:lrt Ion

~;rltillgs AM the disperslva el~ments. Pf19rs lnstrtusencs run in=hit’vr
restllut 10IIS of no Imcter than about 1 rm near wavelrngthsr of mflximurn
tllspt’rslon, and usually signl ELcantl~ poorer than this. Gr;ir Ing rus.)-

Iii! ion varies lHSS with wavenumbar, nnd run be of rhe order of :;uvvr,hl
!vnths of J ~.m 1 for commercial Spectrometers, though Home SIM’(. IA11’+
!Illilfr~~sui~rch lnstrumnts can with (Ilfflrulrv resolve iI fc’w Ill Ill

1IlrI’(llhs oi iI rm .





,

.........-’...-’-%y’’(y”y
............-”--....””...

;. ..! ~“”;. ... ~. . .. ...—

‘-i.-’-=”:%?

Fig, 1. Optical svscem of the Los Alamos Fourier -trnnsforrn speL--
!rnfneter, showing the cac’.s-e~e reflectors (a), beam spl~cter Lll,:.
rl”t lb), folding mirrors (c), collimating optics (d), .ind cil.rertor
(~pcil:s(e). The mirrors (a) and (c) are 8 in (20 cm) in di:uneLer.
Ilills[r;lcion from Palmer.)

.ip~lcrr.11regions CG he conveniently accessed. The el,tire asstimblv is
(.()[lcained[IId 14 x J fc cylindrical vacuum tank, so that tlhsorpti~)tl
(111(” to .I[mosphcric gases is avoided.

“1.tle dlglLlziIlg t?leCtrOt’IiCS have ii ~~-hlt dVt’tiUIIIC L-:Irlge !.’i .

!()’;) ‘;iollllng ,-P.11ii~tensity preclslon oi the order of 0.]%. nl(i

:IIIiI l-(unt’llc is controlled by l’%c~.ncosh compucers, which pt+rl’orm [ 111!
1,1.;C l~f~llri~!l’ transforms of the lnterferograms. dlsplily t Ill? sprvl 1.,1,
,F,IIn(’rii[t~ line tiles, fit llne protllus, t~rc. The mnxlm(irn Iltunl)i’r III

l),)illf< II; :b milllon, llrn~ted hy disk s:orage, :Illd ;I I r;l[l:ill~l.m ill tll[:;

‘ti;(’:1’fluirrs}. 1 hr to compute.
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.’ 1 Tur,.Ible L.lstirSources

k-hi1e :!,,,b~>~r illterferomecers can xchieve resolute. m 0! !IIF
.1:..!c.r ,,C 1~11 ~.m‘, :here ire many situations in k+licll 5? ill hi~lltlr
i:ltr~red resolution is useful: for example, in precis6 stuJies OE linn
,..)rar ours ,Ind int~nsicies, and for spectroscopy of heaw molecules in
:!It,“~,~por phase. SirIce FHi resolution 1s directly proportional co rhe

:n.lximum optical ptirh difference, a point 1s reached ac wnich ,nnv fur-
:!wr improvement eurails formidable optical and mechanical design dif-

‘“ik.ul:ies. with the moving mirror(s), Spectroscopists then turn to
!qln.lblp !.lsers, which have been developed into very useful spcw”trn-
%cllplc tools o’.’er Lhe last 20 years, The technique is concrp~uallv

“:urv simple: r:~diation ~rom an essentia~lv mono~hrom,acic ~oLlrt*r is

;~,lsse(i :hrough the sample, wirhout .:he need for anv spectromecur UI-

ill:erft~r,)mur~r, ~IIclc!~e spectrum lsI obtained M tuning the output trk~-
,i~l~~ll~qq~(It rhe .SOUL”CC. (Th~sI apparent SbpLlfiCatiM’I is somewhat couiI-
:tIr,IL.:udhv [he f.icr that run~lbla Lasars tend to be complex ;I:KI I“r(lr .

i i(llls tlt~.:1,.es with :hclr ovn dlfficuLLies that must be dealt wi~ll.}

“~llrl,l})l~l~ser spectrnscop~ has gcnerared ,.n immense Litrr;lrllru.

iil,rl~IJH will tIIIIV bridtlv autllne the devices .~v.~il~blu. iIIIdtwtrr I!III

11,,111L*l-:11 r~tviwws roverlng ~unable sources rhemsel.ves Jnd the tvps t)l”
,~11,,.: I-() ’;t.()pir invesLigutio:ls that mre being rarrlud trot. with fln’m.i- 1

.rllll,lt)le l~s~rs r]lat [lave haen uged [n sp~rrr(~~rrqly nru ltxf(~d ill
Jr,llll(l I , Svvcr;ll orher deviresi or ~echnLqucs iinvr Im+ri Invt’st IY,.11(111

~,11: ll,,”~or fullv IIttveloped for I]lgh-rcsolllt!nn ::WIC!.LWSCOPV: prll,irif~m
! l:;~, ~l; llprlc;~l parametric mlxlng, [our- wuve pur;lmet ric m[xilll:.
.Yil)r,lllll.Irilnsltlotl lasers. at-c. ; for detiilis SVF I Ill! l.l~vl(jw 11.1p{’1 ‘i

I
4. ).:! 1,1 Thw rnvttrnga glvrn 111 .rdhlc 1 IS ttlpWJVVIUIII;IIII-ID1:IIIII1111

4!lil.tl l.ispr ,1{.Iif)n Ii,ls t)~ell llk~mon:;l r:I[ rd. whlrll 1111s”s11’I lll~ri~:;l;,ll”i I ‘;

:: IIIIIS: :Imt ii I: SOIU1 +p,’rlrf)srqlir tl’~tlIllllllV Ilil!i Ilt’till ll[hV1’llllll-(l.1“.IP,

,1111 ! “Illl}ws 1110s6! I-I~KIIMIS 111 wIIIL.11 1110 ro~ult:i 111 II II!lI I.(II;(IIIII illll

“.lll’l.r I“fl!it.lllllt. ,;l~llli~ts ll;l~p 11.t 11;11 I./ 1)1”1~11 rl’pnrf (Id, .Illd I ‘: .1 ml~rl’ I1’II

:.,:11., .’liilv It) ftIP I;I)oI.It-.llI.ovor;lp,r ,Iv:llIIltllt’. Al !;0 I;lI(IwlI i11 Fi ,1,. !

.’,1 :,, II b’,11im’llil.,ll1(111III IIIUplIrCIII)t,11:1.IIIp. IpisI” I; ill wlli(.1111111..I.11i~lll.;

....111:1,1111’”:11.1’.’11Ill”c’1111’il~ll

1’111”iIIIIIIIIf.IIII,“lllw.l~lkillllIII ill,,11,Iwll fIIlm l’.lllll~I !11,11 Fl,: I [..

“ 11.11 ‘llllmll)ic~ I. II; I’1” “.II!II-I. III; .III’ .l’~.lilllllluIII I.IIS.FIOI;mllI.11Ill fllI’ Illi’1

:f,ll 110,111,.r.i,)llwl!ll I!,’illllll i,lll~; IIt 11) m t,) 1(1 “ t“m . ,IIIIQII ‘i III m.l)”ml:l
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s-,. SIi: iur !lex~t”luoride

sF,,!:.,s :n:ermse.111- stretching fundamental ar ‘I$tlcm-:, wh ic!~
......:.!.,P.+ :rlallvof rhe emission lines OE the COZ 10.4-pm Laser b:ind.
S~’”:er.ii:r.lcure?sof this fundamental contributed to making it nne ot
. he. . . ,:1,.; r ~horotlghl~’-stildied molecular crans~tions, soon :ifrcr :Ile
!L.’:&Ll!>m@Il: ,)t tunable diode lasers: the relatively Large moment ot
imr7i~ of SF6 causes very closely-spaced rotational scrucrure that
,:.tn II.*L ha resrlved by traditional spectroscopy: another consequenc~m
,1t :!lis is that Cotdl Angular momentum states up to J-lM md .l1xI’%

l:-e reddllv accessir31e at room temperature, and such states can nor he
,,hsk~r”:edill light molecules such as CHh; ❑any interactions butwuen SFU
.lIld CoJ laser radiation had been investigated. such as saturation,
s~lf-induced Cransparencv. optical nucation, photon echoes, ~-%wi~L.h-

i:lq, double resonance. laser-induced fluorescence and dissociation,
.lnd isot.ape sep&ration,:J and the identity of the precise SF~ transi-
:Lons pumped in chcse experiments was in question; and, finally, SF.,

XJS J useful prototvpe molecule for species such us UF6, which WJS
hcing ,:onsidered for laser isocopm separation, and which has an cvun
:n,~re complex spectrum than does SF6.

F;gure 4 illustrates the fundamental in question at resolutions
nf cd. 10. 0.07, 0.001, and 10-n cm-i, It consists of poorly-resolved
pm Q, .lnd R branches, in each of which the J manifolds are split into
:!wir tensor components as is P(6) of methane in Fig. 2. lhJL much
hi!qher .1 manifolds are populated in SFa, and the spacing between rhum
is such Lhdt they overlap in the P and R branches beginnl.ng at J ~ .!.!,
so SF. ~axhibits a much ❑ore complex rovibrational spectrum than dolls J

!lvdri~ie molecule sucn as CIIL, as panel (c) of Fig, 4 indicates, E“:l!ll

.111 J]~~JL-ellLIV single transition at Doppler-ltmlted resolution SIIOW:;
rllr[ht.r structure when sub-Doppler saturation spl~ctrosl:l)pv is

IImploVud, pilrlel (d),

[n LIIC lilt~ 1970’s tunuble tllode lasers were llsud fo resolve: 11111
;trurfure ,wross much of the SFa band at the Doppler llmlt , ;IIW1 m:llw

:lI(IIIS,III(lS nt lines were assigned, ll 13 [II Q-brmch rcgLms sIIrh II’;
CI!.lt shown in pmel (c) of Fig. 4, where llne overl.lp 1s i’xtrurne, spv-

,“ i,ll ri~~.llniflues were developed for making ,~ssignmnrs, lnr!udfllg I);{lw.1
16,tm:ll[llt~slsIJV romputer. As a result of this work, [IN spectroscopic

l“l)lIsr,lnrs Uf rhls hand were accuratclv ~lt’t.ermlned.’t At [111’ ‘i,lhll’
, ~:nfim , Fouritir. frunsfor~ nnd diode-lnsmr #prrtra nf thu IILSIKIIIII; I .:MLi-
:ri,rl! .11 v .It 1)1’i rm were huilqq :Innlvzl*d, lllcludill~ Iillr:; III) III

:,,*:’. ! ,1)).

~ltt’ mosr rri.uut ,nl:ilvsls clt’ v,
:1

WilS liJildP lIV 131111111 l~f ,11,, Wllll

:i! ‘1:1,I;piII.trt).~1.ilpirl.[JllS~Ullt% [ [1 I ~f) f I“:lllm%it ll~ll!i
1,..

m.l”llr.11 11]=1 m~,,l,;lil I*II

.,.if,:, .It 1(}11 ~ipv(.t ro~~.opv wl!li ilil(crf,illif i(~s IIF ‘I kl[z (.’ I Ill ‘ ,.m ‘1..
..,!:,I,J 1111’ ,lill~,fl .’:I t.t)ll~r ,in[ .s WI I h IIllprrr:’tlunt lid lJrt~l” II;itlll; I ,11” l~x:lmllll’.
. !,,, ,’,l”11111111..!.111~ I tlr,lt if}ll,ll 1.1)11%1,1111 R, - 1).()’IIIIH;I:IIIIII ![)) i“m ‘, 11:,I
. slim 1,,11111 (II il’,111 i% “1 - ‘l;i~ ll);]’l~~.’i[;i) (“m ‘. “Hit’!il’ iIIli.uI”l .II III ic~’: ,.lllfl

; .I II* xi’tl illm l,lll-ll.l:;’; 1,1:1~11I lICI!:t~ cll]t ,1 i [l,lt~ll~ I rom mi t“rilw.1’v~ “:11111”1I 11’;,”1111’:

“41111II 1)1 ,.,lllr.;l~ 1..111 11,,[ 1,,. 11:;,1,1 1,,1- .;I}IIIsI”I,..II lt~lJ milltt,”llli”i.!Allil II
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lllr~lnet & Perez, 1969). (c) A portion OF the (~ hrnnrh rt~,”nrd,~tl
.~i!ll i tunable semlcorrductor dLode Laser (I[[ukluvc 1’1/(1): I.lsl.r
Iil~~~wi<lth<111.5 (’m1, huc the ~~tfect ive wsolut ion is I Ilt* Ihlpp 11,1’
witlrll O! 1).1)01 (,M ‘, ((!) Sllh-])c}ppler %ilrllrilt I flIl ‘;ll(~l.[ rlim 1“1’1”1~1~li.11

I irl f lIt~ Ik”rl”.’rlf. ive mode ) 1rls f clc [ lie FziIIIl proi I Iu (If [Ill’ 1’( 11)1 I Illt.
Ill ,1 (:(!: 1;1!;101” ff:l,lirf)rl & Ilenrv, L’B??); i, I I VI. t i..v? rt.::~tllll I(lrl I Ill ‘.
-“m - } I-wr R*J t L~r(~nce Ii .



lack permanent dipole moments),

Considering ~he high-resolution speccrnscopv Of :.h~ }ligh..l-
“:~br,i:iunal l.?~’els of SF5 chac will be discussed in-#5, tGgether with
,,:E.tir.*,orkSUch dS Stimulated Raman gain spectroscopy of Lhe infrarcd-

i:?.~cci:efundamencals,:s the spectroscopic properties CI SF. are pcr-
!:.]ps!Jetcer known than those of any other molecule. This wo’rk hils,
;“ll-!!,

i n
-1’:~Ire.l& stim!:lared theoretical in-.’escigacionsinto the analysis

tit’ro~,ib:.~tion:llenergw let’els and transitions, and rhe development OF
:nodel Hamilconians that can adequately account for data of this pri?ci-
sion.

1.2 Identification of Laser-Pumped Transitions

L)ne of rhe ‘easons for detailed rovibrational studies in ~he
i~frared is the imporca.~ce of knowing just what transitions are pumpe[i
bv l~ser radiation in che types of experiments mentioned in che first
p~ragraph of S3.1. Since che OO°1-[1000,0200] Coz laser transitions

12C160) are the most useful source of’(between 900 and 1100 cm-l for
intense monochromatic light in the ;id-infrared, manv molecules that
~bsorb in ~he 9-11 pm region have been intensively studied,io

The initial work on SF611-13identified the specific transitions
:hat dre in resonance with the six CO laser lines from P(12) [951.19
cm “:, near R(66) of SFq] co P(22) [962.\8 cm-l, near P(84) of SF5]. For
example. the triplet at 947.7417 cm-1 in panel (d) of Fig. 4 consists
of the FIJ~.EJ+Fzolines of Q(38), and the center of these is detuned

from C02 P(L6) by -7 .?lHz = -2 x 10-* cm-l.lz These assignments immedi-
.i[el”~ answered some questions about the nature of pulse breakup in
self-induced rlansparency experiments. It was apparent that ide:~l
pulse breakup requires only near-coincidence with a nonoverlapped P or
R transition, not necessarily a nfmdegenerate one, as some had sus-
pccced. lJ Since then Bobin et al.)” have assigned more SF~ lines near
?!-leCoz frequencies , have also measured some near R(LO) of the N}I

i.~ser, and have predicted those near emission frequencies of ti~~~
‘J::;bO:qO.‘2C1dOz,‘JC160Z,and 1JCLS02 lasers.

The rovibrational spectra of several other molecules that ilbs~l-1>

in the C02 laser region have Deen reported. The V/V4 bending dlad ot’

: !(-D~was recorded with a Fourier-transform instrument at a rcsoluLioll
of 1),(11~cm“1 and analyzed, ‘= This band is of interest Ln connection
‘k-i?h infrared- radiofrequenc ~ double resonance experiments; .star.l?-t’o -
● ’IILU rotational relaxatiotl-o; and because .scveral vcrv c lt).st~~’(:[),’(”1),.,
,.,Iill,:idcnce.sma-v be useful in the rapid, inexpensive dL’tt”rl i~)ll .ilN’l
11:.11.zsisof %D6, J sensitive nonradioactive atmospheric tracer ll:;(II!lI

i::,Ii,)r:iCdr~ng air-mass movemenr.s.

~\nuLher veil-studted molecule is (1s[)4,whose VI t’(lrl{!;lml~llf:1I i:;

It 1‘Jf)ll’nt. Frnm tin analvsis of Fourier-transform :Ind tlwll)l(’ 11111III
l.l:;l!l- rperrr,a ok’ ‘H)OsO , lg’](~sob, and ‘%sOh, tl-ilrl.slt”il)lls (11 :111 i,;,).

rf)pi(:‘;pPI:iIIS ~l~at wer’e (lXp(+Ci(!(t tr) 1:111 Iwnr [:0, l~L:;(IrIilws wt~l’11
‘!1l“.lll.:lll,lr[.(1. R,li-tlntly,1 Iw)re [!et:iil,gdiIIKIlv’ii’sWils Ill::(lt! (l:;ill~l,

!:i~’,ll(ll--t.,,’j(jll.l[ inn F,llll-iet-trllrlsf(~rm (lt~t;l (In n;lturill
.,

l).; [),,.”- “1”11i ;

::’1lll.l’ 111(, i,; IJI l\.Irf i,lll,~r illl urrsi l~(!(’.ill:;i! 11111ik~q mosl 1~1llIIr I,;l I li,ri,..ll



:Ops , i:s ligand atoms have zero nuclear spin. and Consequenc; v 011L’,”

rL]ratior. al le~’els of .A s:.mmetrv exist, For example, no traIIs isiolls
lJL:L’u~.- in 0s0. corresponding EO the F+E+F triplet It 947 7/.L7 cln”: i:)
s;< :E-ig +(d):. Thi~ greaclv simplifies the rovibracional spectrl.:m
,...?:n~r~~d~d wi~h molecules such as Cl-l& and SF. . Figure 5 illustrates
:!)is .It Lhe beginning of the Q branch. Sin’ce there are no A le~~els
:“L>r .; ~ 1, .2, ;~nd 5, the Q branch ~tarts wi:h the transitions Q(3),
.,4). ,:,,.]}, . . che usual Q(l) line very clase co rhe band origin u..“,”
. “lb(-). ’05 cm - is missing. “Q(O) is. of course. noc dipole-allowed iri
.11:’: l’.lse , : And, for example, Q(l?) has two lines in OsOk (.l:;+A2:),
.-,~mpnred with 14 tA,tAz+3E+5Fl+4F2) in other spherical tops.
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Fig. 5. Start
of the Q branch
of 1920s06, re-
corded with a
tunable semi-
conductor diode
at a gas tem-
perature of 245
K. Lines are
identified with
the notation
(15)21 - (.f(L5)
A21, etc. The
Doppler Ewhm,
6.7 x 10-4 cm-L,

is indicated bv
D. From ReEer-
ence 21.

“The MJ fundamental of SiF4 at 1031 cm-] is another that hns been
,i:.(lditid specifically to identify C07 Laser coincidences i23’J4 BoLll

!)opplt’r-1imiced diode spectra und sub-DoDpler saturation spectra werl’
[lb::Iined, and ~eparate fits to che two sets of data yielded nenrlv
~l!~,lltil;JLspectroscopic cotls~unts. It was shown that the (X)J P(J6)
!.l:;~’r1ine does not coincide with any Rrouncl-state transition of!SIFk,
:!;!1.sprobably .Iccr.runtingfor earlier Il[lsuccebsful attempts using Ihi’:
iII:I!II [“r(lquency (0 in(luce an isotopical lv-scl!ctli’e SIF~ * II re:lrt ion..!

I:in:lllv, mention should he made of (he VI stret.rh Ot UF,i.”!lTIIi,;
!,,.,-111,; II ()}8[“m‘, WUI1 ouc:;ide the (:(),I-[’glf)rl,bul. i:;of illti’r(’sl1(11”
!.,.,..,i)tlli,rlli,ll11’i(”tllllll’.ssi[~ [hu l~scr””isu(upe s~piirdtifnl ~11 lll-~llli~m.
,.,.i;li,l.lln~$llf :;.,. . III] [’F,: illl.lll(lt’fl (Ix(”[l in~ i( villl (Ilt! (:F~ lll!:l’l”,:Illd till’

, .: .1,”! f I.irlsif i!)rls [)lmrp~~(l wPl_v (It l“f)lll-$P ot , ‘ilt iml)~)t-l”ilnc(’. “1’1)11(:1”

i::;I’1[ xi I1 11~1IIi:i(.ll!i’;ed ill Itlu I~LIXl

.,

1,;1.1” ‘i I i(]ri.



-4. SPECTROSCOPY OF LINE -17XABLE GAS USERS: CF4

A proper uncerscanding of anv optically-pumped molecul.lr !:.is
!.~ser s“.-sttmrequ~res a detailed analvsis of the rovibrational cner;dv
:~,’:~lsin’~ol~’edin the pump and laser transitions. ?fuch work on tile
.ip~~CTL-OSCOpV of such molecules as I-IF,CO, C02, CJIL, CH30H, and C2DZ I)ils

bopn scfrnul~ted by interest in their laslng properties. A CIiscusslorr
(If [Ilt’.inal%rsisof one specific laser molecule, CF4, will illusrr. r,)
:he close Lllteraccion between molecular spectroscopy nnd laser ,irviAl-
,>pmrnr.

%?ren rhe cornblnatinn barrd V2+V4 of CFq at 1066 CIU”l is FUMP~*rIh-i
(“~lp ~,~1-pm C~2 l&3er, stimulated emission on che (V2FMb) + P2 triinsi”-
r ion produces many d~screte laser lines in the region 605 to 655 [:m1.
,ll~~~l:;sisof this systsm started with a tunable diode laser ~tuil~ OE

(he v.+v,2gump band, which allowed rough estimates of the lnsing lre-
,Iuencles. These frequencies were then measured with ;i l-m ,gratirr~
:nonochromacor to an accuracy of tO.2 cm-l, yielding a prellmlnarv
determirlacion of Clle spectroscopic conscants of che intrarccl-inactiv~?
v~ I_undamental.J’ Diode laser speccra of the ti~regionze finally led to
f.he Jdentificucion of a series of (u +Vt) - Uz hot-band trnl,sltion~,
(.orr-espondimg to ❑any of the laser l~nesi but now seen in ab.orpt~on

r,lr!lcrChan emission.z9 From these data the speccroscop~c ronstiIllLs
were refined, and it was possible to predict, for any given l:fJz pump

rronsition between 1050 and 1085 cm-l, the resulting laser lila~! or
Iirles with an accuracy of 4).01 tc 0.003 CM-1.:9

lhe of the strongest CF6 laser llnes is nt 615 cm-l, ohtiiln(’(1l~y
pu:)ing wf.rh (“,02R(12). Figure 5 shows the trnnsltions lnvnl’~i’(!:
R( 12) IS rmarly rcsonanr with a strong llnc (aurually ,7 A+E+F cllls!llr”)

(>t I:F , deruned hv only 19 MHz - 6 x 10”’ r.m 1, ;Ind ldentitird ,1!;

}),~llln~ln~ to R’(i?Y) of u2tu6. ~S[nco t+e Fl (“lili~(.tlvrw) irrl(l 1:

ir\il-t~r~l(i-aL’rive)sublevels of VJFV, ara SOparnled by nnlv 1).’)8I’m‘,
..!

!Ilev .Lre s!rnnp,]v mixed, und the re.qultlng hand cxhihtts ;Ll1 lllrll~ I)II:;

‘;il)lt~ ‘;lll)hr,lncllcs (1E ,1 spherical-rop tralwirion, Irlstc.1(1t)t 111111+It ,

(j , !Ill(l1“ ,1s for a tundarnental. ] This rrnnsitlon I!i sllilknl f)rl III(I

l.i~;ll[ ~itle n! F.g, 6: fhe upper-s(ace + level 0[ .1’ - ~() i:~ IItIpIIl,IfIIIl,

.iIld~r Imul,.tod csmi~sion nccurs on tile c~nns~tlrln 10 .1- )1 (1!LJ,,llr.(J-

llll(. lli~ r }11. Illxer llna 1“(31) ut L15,0J rm 1. [f [tin(:0, lllsl~l:’ 11,1’; .1

1 jlli,willt)~of” fr fPW hundred Hllz, It 1:. .lpparvn~ f“rf)m F-i P,. II 111.,1 ,:

N’I,IH) IIIIP IIf (;F6 will also Ile plump~~l;[111~ rox~llfs [11;l flll!{Il”~Illf,
‘~i’llkc~l-,liiS[’r Illle, P’(30) ●t (~15./[lrrn1. Illmul~v I.:IHo% lw(~ IIIIllt 1“?
, ,1:111.i,ltlllt ~IIImII f 1“/111s11ions will 1)(- long f (1 11!1 :(lI”III1! 111.1111.111’!;, .11:11

,.. 1’:,) I I!;@ ro lils~.r t~ml~slon ;If w[fl~~ly svll;lrn[ P[i f r(l(ll[t~ll[.i(,.i. $l)nri~ .III

,, 11’;l’l ‘.’1’(1 lil%Pl” f I-illl sit 1011s t)ilw III(IM tlc*(~rl ,1(.rIllIlllI~il 1111- 111 111’f ,11 1 , 11111

:. 11.I:; 11111.IIIW I)i,.brsil]lo fn ~l’mIrI-ll fI}r pllmp llIIIss l)! l’illfIll’ls. full: !.l-; ,’l”’;

“),.11 Xi 1 I IJIIJIIIII.P SIIC’(’11 l!. IMIIIIIII I I. VI II IUIII.I I IS III ltIV If) Jim I“r.1’l’l.

11!1.1:1”.1?‘.’: 1’,1?/1”[”

!; 1,..,11, ,,l,,. ,; 1)1

‘.11).;I :11[111,r.

I’llmll ‘1’1.Illwlf 11111’: .111(1)11111 11)11111 1111 [..141111’1 ‘1

Ill”; tI,I”.’I~ ,IIIIV .I !IIW .~IIIIIIK.III..IIII~f11111.~‘~llil.11.I!I’ 111
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Fig. 6. (Left) A 0.27 -cm”l portion of.
V2+V of 12CF4,....,: showing the detlming of
the ‘absorptioni features from tile (’Xl,

( ,, ,, R(12) pump line at 1073.:!785 .1’cm ,
PETUNING(GHZ) (Right) Energy-1evel dlagrarn [or [Ile

~11‘)-t. m ! ;Ine of the “Yh laser; with the total ungular Inomentlun
,~ll,ll~rllmn{lrnbers in ‘he vibrational ground state, u2Wh, :IIILIu,
(It,llotctiby .1,,, J ‘ , iilld .J , respectively, From Refs, 26, ’27, ?IJ. “.



the manifold origin Ls determined by constants designated, for thn v,

l.dder, G,, :ind T,J. (1) The broadening of the ‘:ibratiunal lwel~ IIV
r.lt.lrional srruccure. This broildenipg in the case OE V, of SFh 1s ot
:!lL~ ,>rlldr ok 15 cm : :Fig, -’~(b):, but differs fo: oLhar vihratlon.11

:.’”:,’1s, rsprci.llly those In which addiclonal hrnnch cran~lc.ions NrL?
.1:: ,Wc.l,i: u lu- of CF4 discussed In S4 1s an example of this,:

!Il pr\IIL’ip~@, two vkbr.ltional manifolds in the IIU) lmkier nl” J
iilllL.riL.clL : ,)p - - .S,IVrlm p] tundamenral itselti ;ind one ovvrrond. - “;lt~ltl
. !,,. “:AILM”S ot the effective harmonic frequency .Ind of [he prlnrip,Il
,,::11.lrmonlcirv ronstants X,l, G,,, al;d T13 thdt are needed to spi~rilv rhta
l.dder J1structure. For tetrahedral species, t.hts is ~,.1,’ltl.:,.lv

S[ r.lighcforuard; huc for octahedral molecules, 2V) * O Is dlpol,~ I“IJr-

!]idden. .ind these constants must be deciuced vlther from tllw vorv w~”ak
$erond overtone (3v1 P t)) or from double-resonance speccroscupv (~t’ 11111
!I.III& such ,1s ~U F v

J 1.

For SFb, ~everal studies of the 3V

k

overtone otl?ll rm 11 wrru

made using gracing’z ~lnd FTSJJ data, but c e asslgmon:s and nni~lv:~i:t
rc’miiil~~d in question until n Dnppler-limlted spectrum recordrd with .I
diffcrcnca-frequencv spectrometer was unnlyzed by PirIe iud RAIoI rr,

14

.Ind I.lrpr in more ‘dernil bv Pntterson et al.’q SOIEH of those I.nll.
+t lncs were also narlvetl from the Lu * u,

Id
transitlm Hwen in ;I IlOu.

1,1.,-r,~+nllan~n plnp-probe experiment, Some absorptlms Hwn in spur

f t-al (It” the u region ohrained with high-intonslry $ourrrs t[s:I. I

%’l”,.m:) t.olIld kmmslgned m two-photon resonn,)casl)erw~t~entllt~ ); I-OIUIII

,;l,ltl! ,11;11?v, ,‘b’” T!le nw, lmkler of SFfi 1s now perh:tpu ,IH wl~il IIIIIIUI -
I;[I}I}II ,1s [11,1( 01 ilflv molecule. J’

{\ Ili t’frrrnro- t“requency ~p@cLromer er has IM!CI1USL!LIto rl~rl)rll b,

I!l”rl’111Iv, .111

I l!il’1.‘;pv(”Ir,l, Wils

III :Ili’; work WFrF

l!.lftlll’ll~tllwof Ilp

r.1)111111111,l%sl~ll~d,

f [ ,111-1“111,Ir‘Itu lntcr;wt Ion roIIsl ,1111s, Will[’11ilp,rl’~d WI III IIIIIHO1111[,Illlti{l
trtlm tIMS VI Ilmdme~nr;tl ,4’ IIIMI tIlrrp Inlrr vll]rnt I IIIWIl pnriunv[ I’I”I; I 11.11

,!c. I 111:ni IN. I h4- *1 rlmt ur~ Of ~h~l IWI I iillll~t r . k’11I I 10 +omu 11111’1~1”1,Illlf 11.,:

I ,,m,llllt,ll, t ll~~ro W;IM ~cnernl .Ip, rvrmrnt WI f11 I 111- I“li%ill I ‘i Ill pill %1, 1~111119,

,!l, .l,, lll”c, Inl*lll % 1)11 I Ilo .!V, ~ v, f 1..111%! I 11111 Itlllf ,~,. l-,m l“1O1llll” 11,11 ‘,ilmlll I 11111
~1!. ‘1.,1”:
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,.. 11’)’, ,“IIIII” II I!; lIII1% .1111)11[ 1111~ 11,111110 IIJ I~XIol IIIIi I.’lt II”. II 11111.11 “I!.1111”1 !11

,il: f III- t.x,lmlllt~ , I tIm Jlll-IIP I.imqtlllll”lll ‘J Ill I Ill’ lll’p,~’lll”l .11 i’ l’, ‘If I “1 ‘ II,’
: llh~. Inlllll. ,11 v ‘it 1“,111~I v !’11~11111’11, ‘.’l Ill .1! 11111.11 .IIIKII I .Ir mIImrIIf IIIU I “i i 11111111

‘ Ill! , ,:,11 if,; Illl,lllf IIlh Illllnlllt 1- t I .i ;1[111111111I ,11 1~ I 1) 1.1111’1 I Ill’ 111.11,11
:, ...,,1 .,III i’ ~ i:lp,.:. f 11P.. 1,,.1 ,.,,.’ A 1 111111111:i I u 1,X1 I (lml~ , flll~ 1.11,:1’ 1“1’
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